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Abstract: We analyze the effect that the geometry of the Effective Propped Volume (EPV) has on
the economic performance of hydrofractured multistage shale gas wells. We study the sensitivity of
gas production to the EPV’s geometry and we compare it with the sensitivity to other parameters
whose relevance in the production of shale gas is well known: porosity, kerogen content and per-
meability induced in the Stimulated Recovery Volume (SRV). To understand these sensitivities, we
develop a high-fidelity 3D numerical model of shale gas flow that allows determining both the Es-
timated Ultimate Recovery (EUR) of gas as well as analyzing the decline curves of gas production
(DCA). We find that the geometry of the EPV plays an important role in the economic performance
and gas production of shale wells. The relative contribution of EPV geometry is comparable to
that of induced permeability of the SRV or formation porosity. Our results may lead to interesting
technological developments in the oild and gas industry that improve economic efficiency in shale
gas production.
Keywords: decline curve analysis (DCA); geometry effective propped volume (EPV); economic
performance shale gas; ellipsoidal hydrofractures; shale gas 3D production model
1. Introduction
Fossil fuels will likely remain a critical energy source for our society at least until
2050 [1]. However, the need to reduce the emission of greenhouse gases is driving a
transition from heavier fuels to lighter and less polluting ones [2]. In particular, “dry”
gas or methane is the cleanest fossil energy source, and is poised to play a central role
in the transition to a decarbonized energy system [3]. Unconventional gas resources,
in particular methane produced from hydrofractured shale formations, continue to generate
controversy but are undoubtedly a high potential methane source [4], abundant and widely
distributed throughout the planet [5–7]. The systemic challenge of shale gas exploitation
is that there is a high variability in the production capacity of the wells and therefore in
their economic efficiency [4,8,9]. There is a large number of wells that are not productive
and therefore not profitable, while the more productive wells are few but with spectacular
gas recovery rates and economic efficiency [10]. Thus, there are studies that indicate that
widely exploited formations such as Barnett in the USA yield surprising data. In this
play, since 1997, 20% of the most productive wells have contributed 40% of the gas drawn,
while the least productive 20% has not even reached 5% of the whole production [11].
In many of the cases, these non-productive wells are reconverted to productive wells
through refracturing, which suggests that the location and completion of the well were
appropriate, but the hydrofracturing was not effective [12]. This raises the question of what
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geological settings and technological designs determine the profitability of hydrofractured
shale wells.
Hydraulic fracturing produces a network of fractures in the shale gas formation
that increases the effective permeability of the formation by several orders of magnitude.
The injection of fracturing fluid and proppants enhances the permeability of the host rock
by opening new or preexisting cracks. These processes are called hydrofracturing [13,14].
According to microseismic imaging a shale gas formation subject to hydraulic fracturing
develops damage zones or fracture volumes, Effective Propped Volume (EPV), with a
fundamentally ellipsoidal geometry [15–25]. Furthermore, externally to this ellipsoidal
zone, a fracturing zone called Stimulated Recovery Volume (SRV) is produced, generally
represented by a prism in the technical and scientific literature [26–28]. In the SRV there is
also an increase in permeability but not as prominent as in the hydrofractured zone.
Modeling studies of gas production from hydrofractured shale formations are based on suit-
able physical hypothesis regarding the state of the gas (adsorbed, free, dissolved) [26–29]. Some
studies consider the inclusion of slippage effects (Klinkenberg effect) [30] and/or inertial ef-
fects (Forchheimer effect) [31]. They also analyze the petrological parameters of the shale
formation, especially the sensitivity of the production to the permeability induced by the hydro-
fractures [27,32–36]. The geometry of the stimulated fractures is typically modeled as a set of
rectangular planes, because the focus so far has been the impact of petrological parameters.
The impact of the geometry of the effective propped volume, however, remains largely unex-
plored. In this article, we have developed a 3D numerical model of a standard design of a shale
gas well in which, at gas storage level, both the adsorbed gas (Langmuir isotherm) [37,38] and
the free pore gas are considered. Inertial effects and slippage are some of the physical effects
not considered, although a better approximation of the geometry of the fractured volume (EPV)
is sought using a three-dimensional model.
Here we find that the geometry of the fractured zone around the well (EPV) is a
key contributor to the performance of a shale gas wells. Traditionally, studies aimed
at analyze how to improve production efficiency or economic performance in shale gas
wells consider totally flat hydraulic fractures geometry and focus on formation petrology
and the induced permeability [26–29]. The importance of this novel discovery is that
it allows to lay the scientific bases for new technological developments that improve
the efficiency of shale gas wells both in the hydraulic fracturing phase and in a foreseeable
later refracturing. Methodologically, we also introduce a 3D numerical modeling shale gas
wells. Scientific studies that appear in the literature usually use 1D or 2D models [26–31],
but for the purpose of this work we need a 3D model that captures all the flow components
around the fractured volumes. The EPVs are modeled as ellipsoidal volumes of high
permeability connected to the SRV of lower permeability. The two volumes are fully
coupled allowing a higher-fidelity representation of the gas flow in the fractured shale
formation which allow us to study the effect of the geometry of the fractured volume on
gas production.
To characterize the relative impact of the geometry of EPVs on gas production and
economic performance, we carry out a sensitivity study of gas production to other variables
such as permeability induced in the SRV, the kerogen content and porosity. By comparing
the impact of the variation of these parameters with the variation of the geometry of
the fractured zone, we conclude that the geometry plays a fundamental role in gas produc-
tion. The spherical or flatness of the EPVs is directly related to the surface of the fractured
ellipsoidal volumes and to the production time in intermediate power-law-type production
regime until the interference between fractures occurs. In general, with the same hydrofrac-
turing volume, flatter fractures, results in higher well productivity. In addition, fractures
that are perpendicular to the direction of the well will delay the interference, allowing to
maintain the intermediate power-law-type production regime longer [39]. The elucidation
of this phenomenon and its impact on economic performance is a novel contribution of
this study, which can provide interesting clues to increasing the economic performance of
shale gas wells.
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2. Nomenclature
Table 1 summarizes the abbreviations used throughout the article, indicating their
meaning and physical units.
Table 1. Abbreviations, meaning and units.
Abbreviation Meaning Units
EPV Effective Propped Volume m3
SRV Stimulated Recovery Volume m3
Mscf Thousand of standard cubic feet -
MMscf Million of standard cubic feet -
Bscf Billion standard cubic feet -
EUR Estimated Ultimate Recovery Mscf (Thousand of standard cubic feet)
O&G Oil and Gas -
BCa Base Case -
GIP Gas in Place Mscf (Thousand of standard cubic feet)
RF Recovery Factor Dimensionless
IRF Investment Recovery Factor Dimensionless
MMBTU Million of British Thermal Units -
ROI Return on Investment Dimensionless
CAPEX Capital Expenditure USD ($)
OPEX Operational Expenditures USD ($)
IP Initial Production Mscf/mo (Thousand of standard cubic feet per month)
Aspect Ratio AR Dimensionless
Sn Dimensionless Ellipsoidal Surface Dimensionless
RFn Dimensionless Recovery Factor Dimensionless
3. Materials and Methods
3.1. Mathematical Model
The mathematical model used in this article takes the form [26,28] (see Table 2 for






















Klinkenberg and Forchheimer effects are not considered in the mathematical model.
Regarding the characteristics of the fluid, it is considered a single-phase flow and a single
component, and in this case methane CH4 or dry gas.
Table 2 shows the values used in the base model (all in SI units except gas vol-
ume, expressed in thousands of standard cubic feet (Mscf); the conversion factor is
1 m3 ≈ 0.0353 Mscf).
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Table 2. Variables and parameters.
Variable Meaning Value
SRV Stimulated Reservoir Vol. 1.800 m × 600 m × 90 m
EPV Effective Propped Volume 300 m × 40 m × 70 m
well length - 1.500 m
P(x, t) pressure gas (30–5 MPa)
Pr initial reservoir pressure 30 MPa
Pbhp bottom hole pressure 5 MPa
cg gas compressibility 3.979× 10−6 (s2/m2)
cf Langmuir isotherm slope -
φ porosity 3%
ρ0
methane density at normal
conditions 0.717 (kg/m
3)
ρk kerogen density 1250 (kg/m3)
Sk kerogen relative volume 10%
Va Langmuir isotherm -
VL Langmuir volume 0.00264 (m3/kg)
PL Langmuir pressure 3 MPa
kmf main fracture permeability 2× 10−15 (m2)
kSRV SRV permeability 10−17 (m2)
µ methane viscosity 10−4 (Pa× s)
M molar gas of methane 16.042× 10−3 [kg/mol]
Z compresibility factor 1.3
R universal gas constant 8.314462 (m3 × Pa/(K×mol))
T absolute temperature 373 K
q methane flux Mscf/month (1m3 ≈ 0.0353 Mscf)
tf total simulation time 10 year (3.1536× 108s)
t0 initial time simulation 0 s
Ω volume of the SRV -
n̄ normal vector to contour Γ -
n.c. normal conditions -
Equation (1) is the conservation equation that governs gas flow in the entire computa-
tional domain. Coefficients α and β are defined in the Equation (2). These coefficients are
obtained from the petrological parameters of the hydrofractured formation and the PVT
properties of methane. The physical meaning of each of these parameters and the numerical
values that we assign are given in Table 2. The compressibility factor of the gas is achieved
taking into account the ideal gas equation and isothermal environment.
Equation (3) defines the initial and boundary conditions of the mathematical formula-
tion. An initial condition of constant pressure is established throughout the domain, Ω,
that corresponds to the SRV. A Dirichlet-type boundary condition of pressure is imposed
on the contours of the well, Γ, where the gas flow out of the formation occurs.
Finally, Langmuir’s isotherm has been included in the mathematical model in order
to more accurately represent the adsorption phenomenon Equation (4). In this equation
the Langmuir pressure and the Lagmuir volume take values that appear in the Table 2 and
that have been obtained from [40].
The methane flow rate is calculated from the evolution of the field pressures as an








∇P · n̄dΓ. (5)
The cumulative production over the lifetime of the well can be calculated as a time
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As seen in Equation (6), the estimated ultimate recovery or EUR can be calculated as
the value of the final gas production at the end of the study period.
3.2. Physical Model
The analysis in this article is based on a standard Base Case (BCa) physical model,
schematically shown in Figure 1. In this BCa, we assume ellipsoidal hydrofractured
volumes or Effective Propped Volumes (EPVs).
Figure 1. Physical model. (a) Schematic depiction of the well. (b) Flow in the ellipsoidal EPV.
The BCa is configured by a rectangular prism of 1800 m× 600 m× 90 m (SRV), located
at 3000 m depth in a shale formation at 30 MPa of pressure and a constant thickness of
90 m. The boundaries of the SRV are considered no-flow boundaries.
Inside the SRV is the well, which is considered horizontally perforated. The length of
the well is 1500 m, and seven ellipsoidal hydrofractures are placed every 200 m (Figure 1a).
The wellbore is assumed to be a no-flow boundary except in perforated areas that connect
the well with the hydrofractured volumes. In these holes are imposed a physical condi-
tion of pressure constant or bottom hole pressure, which is mathematically considered a
Dirichlet-type condition Equation (3). The bottom-hole pressure in this BCa is 5 MPa.
Each of the hydrofractures or EPVs has an ellipsoidal shape with the following di-
mensions: 300 m long in the direction perpendicular to the well and contained in the same
plane as this, 40 m long in the longitudinal direction of the well and 70 m in the direction
perpendicular to the horizontal plane of the formation. Methane gas flows from the entire
SRV to the EPVs, and then to the holes in the well casing (Figure 1b).
The formation has a porosity of 3% with a kerogen content of 10%. The initial perme-
ability in the shale is considered to be on the order of nanodarcies (10−21m2). After the hy-
drofracturing process, the permeability of the entire SRV increases to 0.01 md (10−17m2)
and the permeability of the EPVs reaches 2 md (2× 10−15m2).
The adsorbed methane content or Lagnmuir’s volume is 0.00264 m3/kg of kerogen,
and the Langmuir pressure is 3 MPa.
We do not consider second-order effects such as the Klinkenberg gas slippage effect
or inertial corrections (Darcy–Forchheimer). The development of this model focuses on
the geometry of the fracture, as an essential aspect in determining both the quantity and
rate of gas production in the well.
We consider single-phase, single-component flow of methane CH4 or dry gas.
The life span of the BCa well is considered 10 years.
Figure 2a–c represents the physical model described above.
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Figure 2. Graphic representation of the physical model, the numerical model and the results of the field pressure. (a–c)
Graphical representation of the physical model. (d) Representation of the finite element mesh. (e) Detailed representation
of the mesh in ellipsoidal volume fractures or EPVs. (f) Mesh of EPVs. (g–i) State of the field of pressures 3 years after
starting the simulation. (j–l) State of the field of pressures 10 years after starting the simulation. In this Figure, the upper
part of the SRV is not represented, so the pressure state of the main fracturing zones can be seen. In addition, in snapshots
(c,f,i,l) the upper volume of the EPVs is also not displayed. This display scheme provides a better view of the evolution of
the physical phenomenon of pressure drop that correlates with the gas production over time. Color scale in MPa.
3.3. Economic Model
We analyze the economic performance of shale gas wells under various scenarios of
petrophysical properties and geometry of the EPVs using well-established metrics.
In addition to defining a physical model of a shale gas well and a mathematical model
that allows forecasting gas flow, we define a model of potential gas production and its
economic value, as well as the investments necessary to achieve it.
3.3.1. Gas in Place—GIP
Gas in Place (GIP) is the amount of gas available in the SRV. We calculate the GIP of
the BCa using the Equation (7):
GIP = CH4free + CH4adsorbed
= ρφVSRV + ρ0VaρkSkVSRV.
(7)
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Methane density (ρ) and the amount of adsorbed gas varies with pressure and
temperature. We include methane state equation and Langmuir isotherm equation in









Applying values that appear in Table 2 to Equation (8), the GIP value for the BCa is:
GIP = 368, 990, 640 kg of CH4
≈ 1.82 · 107 Mscf of CH4
= 18.2 Bscf of CH4.
(9)
Considering a price of 2.61$/MMBTU ≡ 2.71$/Mscf (source: EIA; Henry Hub Natu-
ral Gas Spot Price, 17 May 2019), then the GIP in this BCa has a market value of ≈ $ 46 MM.
3.3.2. Capital Expenditure—CAPEX
Capital Expenditure or CAPEX is the investment that is necessary to carry out the exe-
cution of the well. To calculate the CAPEX value we use the Equation (10).
CAPEXBCa = Clease + Cdrill + Cfrac. (10)
Using the financial data appearing in [40,41], we evaluate the BCa CAPEX:
CAPEXBCa = 1800 m · 600 m · 0.25
$
m2
+ 1500 m · 1250 $
m
+ 7 stage · 375, 000 $
stage
= $ 4.8 MM.
(11)
We present Equation (10) in a generic formulation that allows its application to any
shale gas well in any oil field.
Equation (11) expresses the execution cost of BCa shale gas well defined in Figure 1a.
3.3.3. Recovery Factor—RF
It is the most common parameter to evaluate the degree of efficiency in hydrocarbon





The Recovery Factor (RF) is a metric that allows to determine the effectiveness in
gas extraction process. It measures as a percentage how much gas is extracted at the end
of the useful life of the shale gas well (EUR) of the total gas available in the formation
(GIP) [42–44]. Typical RF values in shale gas production range from 10–20% [42,45,46].
3.3.4. Investment Recovery Factor—IRF
We create an index that relates the amount of gas produced, in economic terms,
with its CAPEX. This index can be defined as an Investment Recovery Factor (IRF), which is
the relationship between the EUR and CAPEX expressed in financial terms. Mathematically
the IRF could be expressed as follows in Equation (13). Therefore, if the parameters used
give an IRF of less than 1, then it is clear that the economic performance of the well for these
parameters is not profitable, at least at the time of study. In contrast, if it is greater than 1
Energies 2021, 14, 2475 8 of 22
we can assume that, at least, the initial CAPEX will be recovered, assuming the hypothesis
of a constant gas price over the life span of the well:
IRF =
EUR · Price gas
CAPEX
=
RF ·GIP · Price gas
CAPEX
. (13)
The IRF gives us a quick metric for the economic sensitivity analyses carried out in
this study.
3.4. Numerical Model
We implement the mathematical Equations (1)–(4) in a 3D model using the finite
element software COMSOL Multiphysics® 5.4 [47]. We develop the numerical model
as follows:
• We define SRV geometry according to the dimensions that appear in the Table 2.
• We consider SRV outer contour numerically a no-flow boundary condition.
• We model the horizontal well as a horizontal cylinder. We erase this cylinder volume
from the SRV generating an inner no-flow boundary condition. Physically, this no-flow
contour corresponds to the placement of a metal casing.
• We generate seven sections in the horizontal well in which the contour is permeable
and in which pressure Dirichlet-type condition is imposed (Pbhp). These seven sections
correspond to the points where the projectile launcher pierces the well casing.
• We create seven ellipsoidal volumes (EPVs) of high permeability according to the di-
mensions that appear in Table 2.
• We mesh the whole BCa with 155,561 tetrahedral element. The quality of the elements
ranges from 0.08 to 0.63 on a dimensionless scale with the range 0–1.
• Mesh closest to the well and EPVs is finer to be able to capture well the phenomena of
strong methane flow that occurs near to the wellbore at early times. Mesh furthest
from the well and the EPVs is much more coarse since the pressure gradient in this
area is smaller, Figures 2d–f and 3g,h.
• We incorporate the mathematical model defined in Equations (1)–(4) with the parame-
ters of Table 2.
• The simulation time is 10 years and the time step is 36.5 days.
• Using this model, we calculate the field pressure evolution over time. With this
field pressure we compute the flow rate and the cumulative methane production by
applying Equations (5) and (6) in the seven production areas.
This workflow is graphically represented in Figure 3a–h.
Figure 3. Schematic representation of the workflow of the numerical modeling process, (a–h).
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3.5. Models Discussion
The models we use in this study require a discussion and explanation of their limitations:
• The mathematical model is generalist and fully applicable to other shale gas wells.
At the technological level, we have included the most relevant phenomena.
• The defined physical model is considered for a specific Base Case with a specific geom-
etry. However, what we seek in this study is to qualitatively characterize the relative
importance of the geometry of the EPVs in relation to other parameters (e.g., porosity).
For this purpose, the physical model that we have presented is completely valid.
• The economic model is qualitative valid and generalize to other shale gas wells.
Its quantitative results are limited by the assumption of the fixed gas price throughout
the life of the shale gas well.
• The methodology to develop the 3D numerical model is applicable to any other shale
gas well design.
4. Results and Discussion
4.1. Pressure State Analysis
Pressure field values vary from a maximum pressure of 30 MPa to the pressure im-
posed as a boundary pressure or bottom hole pressure, Pbhp of 5 MPa (Figure 2g–l). After 3
years the effect of lowering the pressure has reduced the pressure in the EPVs considerably.
The rest of the SRV begins to be affected by this effect and begins to drain the methane
in the well (Figure 2g–i). After 10 years the pressure decline affects most of the SRV. Be-
tween the EPVs it is observed how the pressure drops of the hydrofractures cross, reaching
what is known as “interference”; a process by which the pressure drop in neighboring
fractures interacts with each other by changing the gas production regime [28]. Lowering
the pressures is sufficient to mobilize most of the free pore gas and a significant fraction of
the gas adsorbed in the hydrofracture volumes. Comparing Figure 2g–l can be seen how
the pressure drop has a very rapid effect on the pressure state of EPVs, while the rest of
the SRV pressure declines much more slowly. This effect has its origin in the difference of
permeabilities between the ellipsoidal fracture volumes and the rest of the SRV. Dirichlet-
type boundary condition imposed on the holes of the well produces a strong decrease in
the pressure field and a strong methane flow. This strong pressure gradient can be seen as
a small deep-blue colored area on the cylinder that defines the horizontal well, Figures 2i,l.
4.2. Methane Production Analysis and Economic Performance
The gas production regime is depicted in Figure 4a–c. This Figure shows how the flow
rate and its regime (Mscf/mo), and the total cumulative production (Mscf) are adjusted,
both qualitatively and quantitatively, to the classic unconventional gas well production
models that appear in the literature [26–28,48].
Qualitatively, an early-time regime appears in the production rate, followed by a
intermediate power-law-type regime and finally, when the fractures enter into interference,
an exponential decay regime (Figure 4c). Likewise, the cumulative production gradually
increases more slowly each time, following the typical production curve.
From a quantitative point of view, this well would produce as an initial production (IP)
gas rate of 80 MMscf/mo, and a total accumulated gas in 10 years of 3 Bscf. This implies
an RF of 21%. This cumulative gas at a gas price of 2.71 $/Mscf implies that the total
production in financial terms would be $ 8 MM. The IRF, as defined in Equation (13), takes
the value of 1.69 for the BCa. This implies that for the well of the BCa, 100% of the initial
financial investment or CAPEX is covered and there is still 69% with respect to CAPEX to
cover the operating expenses or OPEX and obtain profits during the lifetime of the well.
This Initial Production (IP) flow rate, the RF and the accumulated production falls within
reasonable parameters for a shale gas well [42,49–52].
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Figure 4. Gas production graph. Flow rate (a) and cumulative production (b) of methane in linear
scale. (c) Flow rate of methane in log-log scale. Ten year simulation.
4.3. Economic Sensitivity Analysis. Comparison of the Variation of Porosity, Permeability
and Kerogen
In this section we analyze the economic sensitivity of the BCa to the key variables
affecting the gas production, and compare them with each other to assess their impact on
gas production and economic performance.
While porosity and permeability are often strongly correlated in geologic media,
it is not obvious how they may correlate in the case of shale formations stimulated through
hydraulic fracturing. We have thus decided to very them independently in this study.
4.3.1. Porosity
For the porosity analysis, its value is varied for each simulation between 1% and
5%, in increments of 0.5%, giving us a total of nine scenarios. This range of porosities
has been determined from [53,54]. Regarding the RF, an unexpected phenomenon occurs
when the porosity changes: as the porosity increases, the RF decreases. In other words,
as the increase in GIP is much more relevant than the increase in EUR, the RF decreases,
Figure 5b (blue dots). However, the IRF increases with porosity, and this can be seen in
the same Figure 5b (red dots). This is because an increase in porosity increases the EUR,
although the CAPEX of the well does not depend on the porosity and the gas price is
considered constant.
In order to analyze the behavior of the model for porosity values of less than 1%,
we have carried out an additional simulation of 0.5%. This small value is probably out-
side the range in which shale gas formations are commercially viable, but performing a
calculation at low porosity allows us testing the numerical model in cases of extreme values.
The change in porosity has a very important impact on the total gas production and
the IRF in the 10 year exploitation period. That is, for a porosity of 1% at 10 years of
production, the money obtained does not cover the well’s initial investment, CAPEX.
However, at 5% porosity the economic production increases two fold. Enough to cover
CAPEX and obtain extra profits.
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We can also see how as porosity increases, RF decreases. However, the IRF increases.
We explain this since although the EUR and the GIP increase with porosity, the increase
of the GIP is proportionally much greater than that of the EUR. We observe how the IRF
always increases, since the change in porosity does not alter the CAPEX. This leads us to
the conclusion that in some cases we could find an economically profitable but inefficiently
exploited shale gas play. As we can see, the results we obtain indicate that the model
is robust.
Figure 5. Impact of porosity. Flow rate production of methane in log-log scale. The snapshots
represent the BCa field pressure for different porosity values (a). Cumulative production of methane
in log-log scale (b). Ten year simulation. Field pressure colormap takes the value range that appears
in the Figure 2g–l. In the inset of this Figure, “red dots” (IRF) have been represented smaller than
“blue dots” (RF) to avoid graphic intersections between both data.
Regarding the flow rate and cumulative production regimes for the different porosity
values, it is observed that the lower the porosity, flow rate and cumulative production
curves decrease in value at all step times of the 10-year simulation, Figure 5.
4.3.2. Permeability
In this analysis, we vary the permeability over one order of magnitude. This variation
is made only in the SRV, considering that the EPVs have a permeability that remains
constant. The parametric sweep of the permeability ranges from 1 µd (10−18m2) to 10 µd
(10−17m2) in intervals of 0.9 µd which implies the evaluation of 11 scenarios.
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The influence of permeability on production is very strong, see Figure 6b. A change
of an order of magnitude in the permeability of the SRV causes a two-fold increase in
production. It should be noted that the change in permeability does not affect the GIP.
For this reason, when the IRF analysis is performed, it can be seen that as the permeability
increases, the IRF increases with a ratio similar to that of the RF. This suggests that induced
permeability is a determining factor in the exploitation efficiency of the GIP in the formation
and adequate performance of the investment in the well.
Figure 6. Impact of permeability. Flow rate production of methane in log-log scale. The snapshots
represent the BCa field pressure for different permeability values in the SRV (a). Cumulative
production of methane in log-log scale (b). Ten year simulation. Field pressure colormap takes
the value range that appears in the Figure 2g–l.
In relation to flow rate regime, it can be observed how the production curve becomes
straighter as the permeability decreases. This indicates that the production regime of
the curve does not enter exponential decay and remains in the power-law-type produc-
tion regime, Figure 6a. The snapshots of this Figure 6a show how, at low permeability,
the pressure field at the end of the simulation (10 years) only affects the ellipsoidal volumes.
As the permeability increases, it can be clearly seen how the whole of the SRV is affected
by the pressure drop and not only the EPVs. This is reflected in the flow rate production
curves in which the most marked exponential decay is observed as the permeability in-
creases. Regarding the cumulative production, the regime of the curves is not altered,
but the accumulated production is lower as the permeability decreases.
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4.3.3. Kerogen Content
The kerogen is a part of the total organic matter present in the source rock of the hydro-
carbon and defined as the part of the organic matter insoluble to organic compounds [55].
It is generally considered to be the material to which the gas of a formation is adsorbed.
There are different models to explain the kerogen gas adsorption process but the most stud-
ied and accepted in unconventional formations engineering is the Langmuir model [56].
Here we vary, the amount of kerogen between 1% and 15%, performing simulations
every 2 percentage points, so eight scenarios are carried out. As in the case of the porosity,
the changes in the kerogen directly affect the amount of the GIP. Therefore, a similar
situation to that with the porosity will occur as the kerogen increases. As the amount of
kerogen increases, the RF decreases. There is more gas available in the SRV with the increase
in kerogen, adsorbed gas, although proportionally the gas extracted becomes less and
less compared to the available amount, GIP (see snapshot Figure 7b). The IRF increases
as the kerogen and the available gas increases. The explanation for this phenomenon is
identical to that given in the case of the porosity. It can be seen how the amount of kerogen
does not affect the CAPEX. In any case, as can be seen in Figure 7b the sensitivity of both
the RF and IRF to the amount of kerogen is very low.
Figure 7. Impact of kerogen content. Flow rate production of methane in log-log scale. The snapshots
represent the BCa field pressure at the end of the well life for different kerogen content (a). Cumulative
production of methane in log-log scale (b). Ten year simulation. Field pressure colormap takes
the value range that appears in the Figure 2g–l.
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Neither the flow rate nor cumulative methane production regimes are significantly
affected by the variation in the amount of kerogen. Very minor differences can be observed
in the zoomed view in Figure 7b. According to the study carried out, the amount of
kerogen does not decisively influence the production results or the economic performance
for the BCa, as can be seen in Figure 7.
4.4. Impact of the Variation of Fracture Geometry on the Economic Performance of Shale Gas Wells
In this section, we will analyze how the EPVs geometry can decisively influence
the economic performance of the shale gas wells, comparing this aspect with the three
parameters previously analyzed: porosity, induced permeability in SRV and amount
of kerogen.
When hydrofracturing fluid is pumped, a local fracture occurs in the shale area around
the well. The hydrofracturing phase is one of the most expensive in the deployment and
implementation of a shale gas well. The cost of the each hydrofracturing phase correlates
with the volume of fracturing fluid, which in turn correlates with the volume of fractured
shale (EPVs). For a given volume of fluid, the geometry of the hydrofracture can change,
becoming flatter or more spherical. The orientation can also vary from being perpendicular
to the direction of the well to following the direction of the well. The EPV is considered
an ellipsoidal volume, a geometric characteristic indicated in [15,17–25]. Other geometries
are not considered. Quasi-spherical geometries will be taken into account as particular
cases of the geometric variations of the EPVs. The well is considered to be completely
horizontal and contained in the shale-like play. With these considerations, the axis aligned
with the well is denoted by the letter b. The axis perpendicular to the well and contained
in the horizontal play is named a. Both axes, a and b, are variable in length. Finally,
the axis perpendicular to the play is named c and its length is considered constant. We also
assume that the volume of the ellipsoids remains constant, which in turn is directly related
to the volume of the hydrofracturing fluid and its cost. Keeping the length of c and
the volume of the ellipsoids constants implies that when we vary the shape of the EPVs,
the lengths a and b axes will be related in such a way that when b increases, a will decrease




· a · b · c = 4
3
π · 150 · 20 · 35 = 4.4 · 105 m3. (14)
We use the Aspect Ratio (AR) b/a to represent the level of fracture flatness and
the orientation of said fracture in the vertical plane. When the AR is low (e.g., 0.01),
the fracture is flat and perpendicular to the well, and when the AR value is high (e.g., 7),
the fracture is flat but aligned with the well. We adopt the Aspect Ratio b/a both axes
are variable, keeping the volume of the EPVs constant. Other Aspect Ratios such as b/c
or a/c will not be considered since c is an axis of constant length, it does not allow to
consider the joint variability of a and b in a single parameter, which gives us information
about the flatness and the direction of said flatness; perpendicular or longitudinal to
the well. In addition, the consideration of other Aspect Ratios would make sense if they
were essentially horizontal, but this fact does not generally occur since the most important
normal principal stress is vertical.
We change geometry of the EPVs keeping the cost of hydrofracturing the same. The AR
is varied from 0.05 which represents a very flat geometry, perpendicular to the well and
with an ellipsoidal semi-axis a of 235 m that almost reaches the limits of the SRV up to an
AR value of 7.5 that corresponds to a flat fracture, longitudinal to the well, with an a of
20 m that makes the value of the semi-axis b reach 150 m and touches the edge of the SRV,
generating an intersection of the EVPs. We conduct a total of 17 simulations between
these two AR values. In the snapshots of Figure 8a, we show the different geometries of
the fracture ellipsoids can be observed and the field pressure after 10 years of simulation.
Note how the shape of the EPVs changes considerably and with it the pressure field.
AR variations do not affect the GIP, but they do affect the physical process of gas extraction
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as we will show, modifying the EUR, and therefore as the RF increases the IRF increases
and as the RF decreases the IRF decreases.
Figure 8. Impact of EPV geometry. Flow rate production of methane in log-log scale. The snap-
shots represent the BCa field pressure at the end of the well life for different lengths of the a axis.
Each of them corresponds to an AR value (a). Cumulative production of methane in log-log scale.
(b) Ten year simulation. Pressure field colormap takes the value range that appears in the Figure 2g–l.
Following the simulations, it is observed how there is a minimum RF = 15.6% for an
AR = 2.45 and in the extreme values of AR the value of RF is higher. An identical situation
occurs for the IRF, with a minimum in AR = 2.45 (a = 35 m) of IRF = 1.24. Absolutely
quantifying the economic amount of the IRF variation between AR = 2.45 (a = 35 m)
and AR = 0.05 (a = 235 m) results in $ 2.9 MM, a very significant quantity compared to
the CAPEX, $ 4.8 MM.
In relation to the flow rate production regime, it is observed how changes in the AR,
considerably affect this regime. As the AR increases, the curve becomes more “flat” or
“straight”. This trend is similar to that found when analyzing the flow rate as a function
of permeability.
In the snapshots that appear in Figure 8a it can be seen how in perpendicular flat
fractures after 10 years of simulation (operation time), practically all the SRV is affected by
the pressure drop. However, for longitudinal flat fractures it is observed that as the pressure
drop is more local and around the fractured areas, and even in more spherical fractures,
a similar situation occurs with little effect on the SRV. In addition to the above, it can be seen
how there is a decline production curve and cumulative production curve that generate
the lowest values of Mscf/mo and Mscf (respectively) over time and do not correspond to
the fracture geometry with higher or lower AR, but have an intermediate value AR = 2.45
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(a = 35 m), resulting in the curve that generated the lowest RF and the lowest IRF, which
makes sense. This is explained in more detail in the following section.
4.5. Physical Explanation for the Impact of Geometry on the Performance of Shale Gas Wells
Two physical phenomena explain there is such a significant impact on gas production
and on the economic performance of the well as the geometry of EPVs varies:
• The surface of the fractured ellipsoids. At equal fracturing volume, which in turn is
proportional to the volume of injected hydrofracturing fluid, the flatter the ellipsoid
the greater its area and the closer to sphericity the ellipsoid the smaller its area.
The larger the surface of the EPVs, the more methane is extracted from the formation.








, p ≈ 1.6075. (15)
• Interference between fractures. This phenomenon occurs when the pressure drop
induced by the gas leakage towards the well in each fracture, generates a change in
the field pressure that propagates over the entire SRV. By the time the pressure drops
in each fracture begin to overlap with each other, interference is said to have been
reached. At this time, there is a change in the gas production regime going from a
power-law-type regime to an exponential decline, that is, an accelerated decrease
in production.
We use the RF to analyse in more detail how the AR and the associated physical
factors described above influence the variation in the well performance. The conclusions
we reach for the RF are valid for the IRF, as RF and the IRF correlate with the variation of
AR following the same pattern, Section 4.4.
We carry out our study using the data from the 17 simulations that have been executed
in the parametric sweep of the AR.
For each of the simulations, the surface area of the ellipsoidal fractured volumes
corresponding to each AR is calculated using Equation (15). These values are normalized
by dividing each value by the maximum of all of them, obtaining normalized Surfaces, Sn,
for each AR. On the other hand, each RF is also dimensionless, obtaining a normalized
RF, RFn, for each value of AR. We represent the pairs (Sn, RFn) graphically and we show
how there is a fairly good linear correlation (R2 = 0.7401) between both pairs of values.
This means that the greater the surface area of the EPV, the greater the RF with a linear
trend. We present this phenomenon in Figure 9a. In addition, we show how there are
two “branches” within the graph. If the values of lower AR (flatter and perpendicular to
the well) are treated separately from those with higher AR (also flatter, but longitudinal to
the well), it can be observed how the linear relationship changes significantly.
Lower ARs improve the linear correlation significantly, achieving an adjustment with
a R2 = 0.9146. These values are represented in dark red in Figure 9a.
On the other hand, we draw the pairs (Sn, RFn) corresponding to high AR in dark
green, Figure 9a. If there is an intersection between fractures, we mark with a square
symbol. Values of higher AR lose linear adjustment with a R2 = 0.4063.
To understand why there are these differences, we analyze the interference between
fractures. For this purpose, the isosurface of the pressure gradient of 5 kPa/m is represented
after 365 days of simulation and we check the interference for the different AR values.
It is observed that when the EPVs have a low AR geometry, there is no interference
between fractures, so the linear correlation between RF and the ellipsoid surface is very
clear. However, when the EPVs have a high AR geometry, interferences occur very early.
This alters the relationship between RF and ellipsoid surface breaking the linearity of
the relationship between RF and ellipsoid surface and further reduces RF considerably.
This is because early interference causes the well production to enter in exponential decay
so the flow rate reduces rapidly. In addition, if the AR is especially high, then the fractures
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intersect which moreover reduces the fracture surface. Figure 9b shows interferences
for different EPV Aspect Ratios. The economic efficiency of a shale gas well in relation
to the shape of EPVs, for a given hydrofracturing volume depends on the flatness and
orientation of the EPVs. The flatter the EPVs and the more perpendicular to the well,
the higher the gas production and the economic performance of the shale gas well. We
emphasize this last point since the increase in efficiency based on the management of
the geometry of the EPVs will only be achieved assuming the accomplishment of geometric
parameters that define a fractured ellipsoidal volume of the characteristics described in
this study.
Figure 9. Graphic explanation of the impact of EPV geometry on shale gas production performance.
(a) Correlation of Sn and RFn. (b) Snapshots of BCa with pressure state and isosurface of 5 KPa/m
(dark blue surface) after 365 days of simulation. a is the semiaxis of the EPV perpendicular to the
well and in the same plane as the SRV. b is the semi-axis of the EPV longitudinal to the well and in
the same plane as the SRV.
We indicate that these conclusions are available through the development of a high-
fidelity numerical model with qualitative and quantitative results adjusted to field data and
scientific studies. However, a validation of these results has not been carried out with real
data of microseismivity-geometry EPVs vs. Production as this type of data is not public.
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4.6. Geomechanical and Fracture Mechanics Considerations of Shale Gas Play in the EPVs Shape
Geometry of the fracture is highly conditioned by two natural phenomena: geome-
chanics formation and fracturing mechanics.
• Geomechanics. The drilling direction of the well must follow a guideline as parallel as
possible to the minor main compression direction. This would be an essential design
criterion for achieving flat perpendicular fractures.
• Fracture mechanics. Formations must be as fragile as possible. With equal petrological
parameters, the more fragile formations will explode more efficiently, generating a net-
work of fractures that will configure a larger ellipsoidal fractured surface, in addition
to generating a higher permeability.
To take full advantage of both properties of the formation, we see the need to carry out
technological developments both in the fracturing fluid and in the projectiles that generate
the main fracturing planes.
4.7. Comparative Analysis of Results
We define a homogeneous metric to be able to draw results about the impact of
the studied variables on methane gas production and its economic profitability. Variables
we studied refer to physical quantities whose numerical values have very different orders
of magnitude. In order to solve this situation, we define a metric that allows analyzing






 |♦ f−♦i|♦i| f−i|
i

 = 4 + log
 |♦ f−♦i|♦i| f−i|
i
 (16)
We make the following considerations in relation to Equation (16):
• ♦ refers to either RF or IRF.
•  refers to any of the four production parameters: φ, k, Sk or AR.
• Equation (16) establishes a metric that allows a sensitivity analysis of RF and IRF with
respect to the four parameters studied.
• The subscript “f” refers to final and “i” to initial. Thus, the final and initial data of
the simulations carried out in each parametric sweep are referenced.
• We adopt linearity hypothesis in the evolution of RF and IRF.
• In Equation (16) the analysis performed is dimensionless. The fundamental idea of
this metric is to establish a way to measure how many units RF or IRF vary for each
unit that porosity, permeability, kerogen content or Aspect Ratio vary.
• A feature of the equation that may seem unique is the multiplication of the dimension-
less coefficients by 104. The reason for doing this is to have mean sensitivity values
that are always equal to or greater than 1.
• The aim of the decimal logarithm is to reduce the size of the magnitudes that would
be obtained.
• As a final step, the mean sensitivity metric is normalized to values between 0 and 1.
• We apply this methodology to results shows in Table 3, and we draw corresponding
results in the spider plot, Figure 10.
Table 3. Dimensionless results of sensitivity analysis.
φ k Sk AR
∆RF
∆ 0.76 1.00 0.44 0.91
∆IRF
∆ 0.84 1.00 0.19 0.91
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Figure 10. Spider graph representing the sensitivity of the well performance to each variable studied.
We study into more detail the spider chart and we see how both RF and IRF are equally
sensitive to variations in both permeability and Aspect Ratio, Figure 10. This is because
these two parameters only have an effect on the methane production mechanics, therefore
on the EUR and not on the GIP of the formation nor on the CAPEX of the investment in
the well. However, we can see how the variation of RF and IRF with respect to porosity
and the amount of kerogen differs. This is due to the fact that when sweeping petrological
parameters the GIP varies, in addition to the EUR, see Equations (12) and (13).
An interesting and not very intuitive issue is to see how the sensitivity of the IRF
is greater than that of the RF when the porosity is varied, whereas when the kerogen
content is varied, the opposite situation occurs. This phenomenon is due to the fact that
the amount of gas extracted for each unit variation in porosity is proportionally greater
than the increase in the gas available in the formation. The opposite situation occurs with
the unitary variation in the kerogen. In this case, the amount of gas extracted increases
much less than the availability of gas.
We see how the sensitivity of RF and IRF to the variation in porosity is much higher
than that of these indicators to the variation of kerogen. This phenomenon is explained
because the free gas in pore, given by the porosity, is the dominant fraction in the GIP of
the BCa.
To take full advantage of the impact of the EPV in economic performance, we propose
as a technological developments to modify on the hydrofracturing fluids and on the projec-
tiles that generate the main fracturing plane. It would be interesting to obtain fluids with
characteristics such as adequate density and viscosity to increase the fracturing surface.
Moreover, the projectiles used in the generation of the holes in the wells could be increased
in power and modifications made to their characteristics and trajectories. This would allow
the generation of initial fracture planes as large as possible, with geometries that favor
the flatness of the final EPV.
Finally, we note that during the hydrofracturing processes, microseismicity analyses
are usually carried out that allow to know the extend of fracturing induction in each
phase. An economically interesting aspect of this study is that by analyzing these maps of
microseismicity, an approximate idea of the success of hydrofracturing from a geometric
point of view can be obtained. In this way, the economic potential of the well can be
diagnosed before completing the final phases such as completion, installation of valves
or electromechanical systems for the remote control of the well. If the hydrofracturing
has had an inefficient geometry, wells could be discarded before carrying out all of these
final tasks and incurring greater investment or CAPEX expenses, and even before putting
the well into operation and incurring OPEX-type expenses.
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5. Conclusions
In this study, we propose to analyze the impact of the geometry of hydrofractured
ellipsoidal volumes (EPV) on the economic performance of shale gas wells. To have a
metric of this impact, we made a comparison with other parameters of proven relevance
(e.g., porosity) reaching the following conclusions:
• The geometry of the EPSv has a determining importance in the economic performance
of shale gas wells.
• Gas production efficiency and economic performance take different trends depending
on whether petrological or production parameters are varied.
• Geomechanics and fracture mechanics emerge as two disciplines of more relevance
than expected in the economic performance of shale gas well production.
• We show that improving porosity the RF decreases considerably, while the IRF in-
creases. Economically, a good investment result is achieved, but a lot of GIP is wasted.
In shale gas industry a good economic performance is not synonymous with a good
use of available resources.
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Abbreviations
The following abbreviations are used in this manuscript:
EPV Effective Propped Volume
EPVs Effective Propped Volume (plural)
SRV Stimulated Recovery Volume
EUR Estimated Ultimate Recovery
O&G Oil and Gas
BCa Base Case
GIP Gas in Place
RF Recovery Factor
IRF Investment Recovery Factor
MMBTU Million of British Thermal Units
Mscf Thousand standard cubic feet
MM Millions






Sn Dimensionless Ellipsoidal Surface
RFn Dimensionless Recovery Factor
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